Abstract The Pamir Plateau, a result of the India-Asia collision, contains extensive exposures of Cenozoic middle to lower crust in domes exhumed by north-south crustal extension. Titanite grains from 60 igneous and metamorphic rocks were investigated with U-Pb + trace element petrochronology (including Zr thermometry) to constrain the timing and temperatures of crustal thickening and exhumation. Titanite from the Pamir domes records thickening from~44 to 25 Ma. Retrograde titanite from the Yazgulem, Sarez, and Muskol-Shatput domes records a transition from thickening to exhumation at~20-16 Ma, whereas titanite from the Shakhadara dome records prolonged exhumation from~20 to 8 Ma. The synchronous onset of exhumation may have been initiated by breakoff of the Indian slab and possible convective removal of the Asian lower crust and/or mantle lithosphere. The prolonged exhumation of the Shakhdara and Muztaghata-Kongur Shan domes may have been driven by continued rollback of the Asian lithosphere concurrent with shortening and northwestward translation of the Pamir Plateau.
Introduction
The India-Asia collision zone-especially the Himalaya and the Tibetan Plateau ( Figure 1a )-has profoundly shaped our understanding of continent-continent collisions and orogenic plateaux evolution. Despite this prominence, processes at middeep crustal levels are not well understood because the Cenozoic middle to lower crust is exposed only locally within the Tibetan Plateau. In contrast, the Pamir Plateau ( Figure 1a ) contains large exposures of middle to lower crustal rocks in a series of domes [Robinson et al., 2004; Schwab et al., 2004; Schmidt et al., 2011; Stübner et al., 2013a] . These domes-and the well-studied tectonic framework of the India-Asia collision-provide the opportunity to directly investigate middle to lower crustal processes during the transition from thickening to collapse in an orogenic plateau. This paper presents a U-Pb titanite record of middle to lower crustal burial and exhumation and the implications for Pb and Zr retention in titanite and proposes some possible driving mechanisms for gneiss dome genesis in the Pamir Plateau.
Orogenic plateaux may collapse when gravitational potential energy (GPE) overcomes compressive boundary forces [Molnar and Lyon-Caen, 1988; Rey et al., 2001; Selverstone, 2004] . Changes in GPE come from changes in material thickness, elevation, and density. Significant changes in the boundary forces during continent-continent collisions may arise from processes such as slab breakoff, slab rollback, and foundering of convective instabilities. The rate of orogen collapse is determined by the imbalance of forces and material properties, which are dictated primarily by changes in temperature, composition, and phase (e.g., melting). In this paper, we assess whether collapse of the Pamir Plateau can be tied to changes in regional plate motions by measuring the U-Pb ages and trace element contents (primarily Zr) of titanite in the Pamir middle to lower crust.
Titanite has some important advantages for dating crustal rocks: it occurs in a wide variety of rock types; it may grow or recrystallize during amphibolite-facies prograde and retrograde reactions [Rubatto and Hermann, 2001] ; it incorporates abundant uranium in quartzofeldspathic rocks [Frost et al., 2001; Spencer et al., 2013] ; it partitions Zr as a function of pressure and temperature, enabling use as a thermobarometer [Hayden et al., 2008] ; and it participates in a wide variety of other metamorphic reactions [Frost et al., 2001] . These qualities make it an ideal phase for investigating the history of the Pamir domes (Figure 1b ), which are dominated by amphibolitefacies quartzofeldspathic rocks [Vlasov et al., 1991; Robinson et al., 2004; Schwab et al., 2004] Supporting Information:
• Supporting Information • Table S1 • Table S2 • Table S3 Correspondence to: M. A. Stearns, mstearns@umail.ucsb a powerful tool for fingerprinting the timing and temperature of petrogenetic processes and more accurately understanding tectonic processes.
We show that titanites record a prograde/burial through retrograde/exhumation history in the Pamir gneiss domes from~44 to~8 Ma. Burial transitioned to exhumation at~20 Ma, perhaps because of breakoff of the Indian slab. We relate the high-temperature, exhumation-related retrograde metamorphism responsible for titanite (re)crystallization that persisted across the Shakhdara dome until~7 Ma to northward rollback of Asian lithosphere beneath the Pamir (Figure 1c ) or foundering of convective instabilities, and collapse of the margin of the Pamir Plateau into the adjacent Tajik Basin [Stübner et al., 2013a] . Temperatures of nearly 700°C sustained for at least~10 Myr were insufficient to reset Pb and Zr in titanite, indicating higher closure temperatures than the commonly assumed range of 600-700°C.
Geologic Setting
The Pamir Plateau, the northwestern extension of the Tibetan Plateau, has a crustal thickness of~60-75 km and an average elevation of~4 km [Mechie et al., 2012; Schneider et al., 2013] . Much of this thickening and uplift occurred during the India-Asia collision [Burtman and Molnar, 1993; Bershaw et al., 2012] , driven by 600-900 km of Cenozoic shortening within the Pamir [Schmidt et al., 2011] . The northern margin of the Plateau, the Main Pamir Thrust zone (Figure 1b) , accommodates 10-15 mm/yr present-day~N-S shortening [Reigber et al., 2001; Mohadjer et al., 2010; Zubovich et al., 2010; Ischuk et al., 2013] . This shortening is coupled to northwestward rollback of 90-250 km of Asian lithosphere (the Pamir slab)-as inferred from receiver functions, local earthquake tomography, and intermediate-depth seismicity [Schneider et al., 2013; Sippl et al., 2013a Sippl et al., , 2013b . Presently, the downdip end of this subducting Asian lithosphere is situated roughly beneath the southwestern Pamir (Figure 1c) . The southern limit of the Plateau, the Chitral Himalaya and Hindu Kush, accommodates a similar rate of shortening, 10-15 mm/yr [Mohadjer et al., 2010; Ischuk et al., 2013] . The southern part of the Plateau is underlain to an unknown extent by underthrusting Indian lithosphere [Li et al., 2008; Sippl et al., 2013b] . The interior of the Pamir is experiencing 5-10 mm/yr of~E-W extension that is matched by shortening in the Tajik Basin west of the Pamir; there is relatively little present-day motion between the Pamir and the Tarim Basin to the east [Mohadjer et al., 2010; Zubovich et al., 2010; Ischuk et al., 2013] . Thus, material-driven by the NNE motion of the Indian Plate-is flowing into the Pamir Plateau from the south and overriding the Tajik Basin. The consequences of this flowing material are the northwestward rollback of the Pamir slab in the deep crust and mantle and the velocity field of the uppermost crust recorded by GPS.
Two belts of large crystalline domes within the Pamir expose amphibolite-to granulite-facies rocks exhumed from depths of 30-40 km [Robinson et al., 2007; Schmidt et al., 2011; Stübner et al., 2013a Stübner et al., , 2013b . U/Th-Pb monazite and Lu-Hf garnet ages from these rocks suggest that crustal thickening began ≥37 Ma and that a switch from burial to exhumation occurred at~20 Ma [Schmidt et al., 2011; Stearns et al., 2013; Smit et al., 2014] . Exhumation by~N-S crustal extension is directly dated within the largest of the crystalline domes, the composite Shakhdara-Alichur dome (Figure 1b ), at~20-2 Ma [Stübner et al., 2013b] . Additionally,~E-W extension within the Pamir, which began~7-8 Ma [Robinson et al., 2004] , stands in contrast to the 600-900 km of long-term Cenozoic shortening within the Pamir and indicates a distinct shift in kinematics that may-as intimated above-be linked to changes in GPE, boundary forces, or rheology. Peaking in the mid-Miocene and Pliocene, a thick wedge of coarse clastic sediment was shed into the Tajik Basin, suggesting loading of that basin by (north)westward growth of the Pamir [Schwab et al., 1980; Nikolaev, 2002] . In the following, we group the domes by their shared Cenozoic exhumation histories.
Yazgulem, Sarez, and Muskol-Shatput Domes
The Yazgulem, Sarez, and Muskol-Shatput domes (Figure 1b ) comprise folded and ductilely deformed (D 1 fabric) Paleozoic to Mesozoic marbles and siliciclastic rocks. Mesozoic and Cenozoic gabbroic to granitic intrusions were emplaced before and during regional shortening [Schwab et al., 2004; Stearns et al., 2013] . Prograde upper-amphibolite-facies metamorphism (6-10 kbar and 600-750°C; Schmidt et al., 2011) occurred from~30 to 15 Ma during the development of the D 1 fabric, which include microscopic-scale foliation and shortening structures. Garnet amphibolites and kyanite + garnet + biotite ± staurolite metapelites are characterized by initial syndeformation growth of garnet. The metapelites contain synkinematic kyanite (syn-D 1 ) and local staurolite as well, overprinted by postkinematic kyanite (post-D 1 , preretrograde) and retrograde andalusite and sillimanite. The retrograde mineral assemblage within the amphibolites is characterized by resorbed garnet and pyroxene, ilmenite and rutile breakdown to titanite, chlorite, and local retrograde biotite and amphibole growth.
Discordant Cenozoic aplite and pegmatite dikes and sparse intermediate to felsic plutons crosscut D 1 structures within the domes and increase in abundance toward the dome cores. The dikes are typically nondeformed and contact metamorphosed their host rocks (e.g., static sillimanite overprint of kyanite). The deformation within the domes culminated in~N-S extension that imprinted a mostly shallowly dipping, typically penetrative D 2 fabric that overprinted D 1 . Mylonitized quartz and feldspar within the D 2 fabric typically transitions from ductile to brittle over tens to hundreds of meters toward the dome-bounding normal-slip shear zones. Forethrust and backthrust reactivated the dome-bounding extensional structures, and open to tight folds (D 3 fabric) affected the earlier fabrics.
Muztaghata-Kongur Shan and Shakhdara-Alichur Domes
The Cenozoic Muztaghata-Kongur Shan dome exposes mid-Miocene metamorphic rocks exhumed from 30 km depth by early~N-S extension across the Shen-ti normal fault followed by~E-W extension along the Kongur Shan extensional system [Brunel et al., 1994; Robinson et al., 2004 Robinson et al., , 2007 Cao et al., 2013; Thiede et al., 2013] . The core of the dome underwent crustal thickening and prograde amphibolite-facies metamorphism from~33 to 20 Ma and reached peak metamorphic conditions (9-10 kbar, 700-750°C) in the early Miocene. Migmatization occurred at~14 Ma, followed by exhumation of the Kongur Shan footwall through 40 Ar/ 39 Ar mica, U/Th-He in zircon (ZHe), and apatite fission track closure from~8 to 1 Ma [Robinson et al., 2007; Thiede et al., 2013] .
The Shakhdara-Alichur domes expose the largest area of Cenozoic middle to lower crustal rock in the Pamir. The domes were inundated by arc magmatism during the Cretaceous and are dominated by orthogneiss and intrusive rocks [Schwab et al., 2004; Stübner et al., 2013a Stübner et al., , 2013b . The Cretaceous magmatic arc rocks now exposed in Shakhdara dome experienced contraction (D 1 ) prior to and synchronous with upperamphibolite-granulite-facies metamorphism (5.5-15 kbar and 600-800°C; Schmidt et al., 2011) that culminated in extensive migmatization. The Shakhdara dome gneisses were exhumed by top SSE shear along the~30°south-southeast dipping South Pamir shear zone (SPSZ), which bounds the dome in the south. Flow within the SPSZ occurred continuously from melt-present to brittle conditions. The Panj gorge exposes the footwall of the SPSZ in the core of the dome ( Figure 1b ). The northern dome boundary comprises a mostly low-grade deformation belt, the Gunt shear/fault zone, where early top to approximately north transtensional shear fabrics were folded into a subvertical zone and overprinted by dextral shear. The smaller Alichur dome is bounded in the north by the Alichur shear zone, which exhumed rocks from 10 to 20 km depth. The Shakhdara and Alichur domes are separated by a low-strain, fault-segmented horst ( Figure 1b) . Cooling of the Shakhdara dome through 40 Ar/
39
Ar mica closure began at~20 Ma in the north (near the Gunt shear zone) and progressed southward from~16 to 6 Ma along the dome-spanning SPSZ. NNE-SSW extension lasted until~4-2 Ma [Stübner et al., 2013b] , when it was replaced by active~N-S shortening and~E-W extension, imprinting the Sarez-Karakul graben system and distributed sinistral-transtensional faults across the western Pamir ( Figure 1b ) [Schurr et al., 2014] .
Taxkorgan Complex and Dunkeldik Pipe Belt
The Taxkorgan intrusive complex (Figure 1b ), in and adjacent to the southwestern margin of the Shatput dome, contains alkalic and granitic intrusive rocks ranging from~13 to 8 Ma [Xu et al., 1996; Luo et al., 2003; Lin et al., 2006; Ke et al., 2006 Ke et al., , 2008 Robinson et al., 2007; Jiang et al., 2012] .
The ultrapotassic Dunkeldik magmatic field (Figure 1b) [Dmitriev, 1976] is located in the Central Pamir, southwest of the Shatput dome. The rocks range from dikes and pipes to subvolcanic bodies and volcanic rocks. These rocks erupted at~11 Ma [Hacker et al., 2005] and contain crustal xenoliths comprising Pamir crustal rocks that experienced peak metamorphic pressures equivalent to 90-100 km depth [Hacker et al., 2005; Gordon et al., 2012] .
Petrochronology Method
By dating titanite associated with prograde and retrograde metamorphic reactions, and with the D 1 and D 2 deformation fabrics, the P-T-D-t paths can be extracted for each dome. The timing of prograde metamorphism was determined by dating titanites (i) within locally generated leucosomes associated with migmatization, (ii) involved in prograde reactions such as the growth of ilmenite from the breakdown of titanite, and (iii) included within prograde minerals such as garnet ( Figure 2a ). The timing of retrograde metamorphism, interpreted as coeval with exhumation, was determined by dating titanites that (i) formed during retrogression of rutile and ilmenite (Figures 2b-2d ) and (ii) were dynamically recrystallized in the D 2 extensional fabric ( Figure 2e ). Igneous titanite from nondeformed aplite dikes was dated to place upper and lower bounds on the timing of extension ( Figure 2f ). We measured U-Pb dates by LA-MC-ICP-MS (laser ablation multicollector inductively coupled plasma mass spectrometry), U-Pb dates + trace elements by LASS (laser ablation-split stream ICP-MS), and additional Zr contents by electron probe microanalysis.
LA-MC-ICP-MS and LASS
Sixty samples were analyzed from the four gneiss domes (Figure 1b and supporting information Table S1 ). The majority of samples were dated using LA-MC-ICP-MS; a subset of six samples was dated using LASS . Typical excimer laser (193 nm wavelength) settings were 30-100% of 3 mJ, 4 Hz repetition rate, and a 25-40 μm diameter laser spot. The resulting laser ablation pits are~10 μm deep. Figure 2d , complex reaction textures between coexisting rutile, ilmenite, and titanite illustrate the difficulty of determining a single titanite-forming reaction. These titanites are interpreted to record decompression melting during retrograde metamorphism of the southern Shakhdara dome. (e) Dynamically recrystallized titanite porphyroclast formed by the breakdown of ilmenite. The 19.5 ± 0.4 Ma age is interpreted to record onset of exhumation in the Yazgulem dome and the timing of high-T extensional deformation. (f) Titanites between~100 and 400 μm with many dating spots yielded a single age of~17.3 ± 0.5 Ma. These titanites within a group of float amphibolites from the far western Muskol-Shatput dome formed by breakdown of ilmenite during retrograde metamorphism.
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Bear Lake Road titanite [Aleinikoff et al., 2002; Frost and Fanning, 2006; Mazdab, 2009] was used as the primary reference material, and Y1710C5 [Spencer et al., 2013] was used as the secondary reference material to assess in-run accuracy. The dates reported in this paper have a minimum uncertainty of 2%. For more analytical details, see Spencer et al. [2013] .
We analyzed the majority of samples in situ in thin section; seven samples were analyzed as titanite separates. Each sample analysis consisted of 20 to 80 single spots from several grains. Each sample also contained analyses of different grain sizes and different portions of large grains to assess variations in age and trace element concentration. Titanite zoning was imaged using backscattered electrons (BSE). Few titanites exhibited internal zoning in BSE images, but where zoning was detected, laser spots were placed entirely within zones to minimize mechanical mixing.
Electron Probe Microanalysis
Zirconium concentration was measured in titanite with a Cameca SX-100 at 15 kV accelerating voltage and 200 nA beam current. Bear Lake Road titanite [Aleinikoff et al., 2007; Mazdab, 2009; Spencer et al., 2013] and NIST 610 glass [Gao et al., 2007] were used as secondary reference materials. Atomic number, absorption, and fluorescence corrections were made assuming an ideal CaTiSiO 5 composition. The Zr detection limit was~10-20 ppm. For further analytical details, see Spencer et al. [2013] . Measurement of Zr in titanite is susceptible to secondary fluorescence from zircon: a linear transect away from a~30 μm diameter zircon showed that secondary fluorescence is significant to a distance of 40 μm but negligible at more than~100 μm from the zircon. The area around each titanite Zr measurement was therefore carefully screened for zircon; it is possible, however, that secondary fluorescence affected some of the Zr measurements from out-of-plane zircon.
The Zr-in-titanite thermometer is pressure dependent [Hayden et al., 2008] . Though peak pressures are known for many of the samples by independent determinations [Schmidt et al., 2011] , the quoted apparent temperatures were calculated using a pressure of 4 ± 2 kbar because most titanite (re)crystallization occurred during retrograde metamorphism. Two uncertainties were calculated: one that includes analytical error and the reproducibility of the secondary reference materials and a second that includes uncertainty in pressure and the activity of CaZrSiO 5 ; all the thermometry samples contain quartz, zircon, and rutile. Zr thermometry provides not only an apparent temperature but also can be used to distinguish distinct titanite populations and provide further petrogenetic context for interpretation of U-Pb dates. Figure 3 ; all of the U-Pb data are provided in supporting information Table S2 . We classify our U-Pb dates into three types (Figure 4 ). (1) Single ages, in which all of the U-Pb data define a single isochron with a suitably low mean square weighted deviation (MSWD) to be a single population [Wendt and Carl, 1991] ; for such samples we report a single age and uncertainty (Figure 4a ). (2) Multiple ages, in which the U-Pb data define multiple isochrons or age ranges (Figure 4b ), at In the carbonate and orthogneiss-dominated Yazgulem dome (Figures 3 and 6a) , 12 samples were dated. Two garnet amphibolites (0822I1 and 0822I2) yielded single ages of~33 Ma from titanite within the matrix and included within garnet (Figure 2d ). The amphibolites are likely part of the 500-450 Ma bimodal igneous sequence that forms the core of the dome [Schwab et al., 2004] . Eight samples from seven granitic intrusions yielded single-age titanite spanning~43-39.5 Ma (8022A, 0822X, and Y; 6907B and C) to~20.5-17.5 Ma (4727 J and 9922A). Titanites from two mylonitic (normal-sense D 2 fabric) samples record a single age of 19.5 ± 0.2 (orthogneiss 6906A) and an age range of~26-19 Ma (paragneiss 11923E). We interpret the Yazgulem titanite dates to record granitoid emplacement from~43 to 39.5 Ma and amphibolite-facies metamorphism at~33 Ma. Regional metamorphism was followed by granitoid emplacement from~20.5 to 17.5 Ma, synchronous with the onset of extensional deformation at~26-19 Ma.
Results
A summary of the titanite U-Pb dates is shown in
Two samples from the Sarez dome were dated (these samples are included in the section across the central Muskol dome, Figures 3 and 6b , because the overall structure of these domes is similar): a garnet amphibolite hornfels (0903Z) that is cut by 2 km scale intrusions within the core of the dome and by a crosscutting pegmatite dike (0903C). Titanite grains from the amphibolite have a single age of 16.0 ± 0.4 Ma. A 12 mm titanite from the crosscutting dike yielded multiple ages: 20.6 ± 0.4 and 16.9 ± 1.1 Ma. These ages correspond to BSE pale and BSE dark zones and are interpreted as emplacement and recrystallization ages, respectively. The titanite ages are interpreted to record dike emplacement at~20.6 Ma followed by contact metamorphism of the amphibolite and dike at~16 Ma.
Fifteen samples from the Muskol-Shatput dome were dated (Figures 3 and 6b ). Garnet amphibolites (0827F4, P8s, 96AK3A, 0827Z, and 0831Z3, which gave two single ages) that form the wall rock to intrusions and are crosscut by dikes have rutile and ilmenite retrogressed to titanite; several titanite grains dated per sample yield an age range of~36-17 Ma and single ages from~18.5 to 15.5 Ma. Calcsilicates, schists, and paragneisses contain single-age titanites (0828Y3, 96AK3F, and 9920C2) from 18.4 to 16.2 Ma and one age range of~30-10 Ma (9919G). Granitoids and dikes (0827F1 and 9920C1), that crosscut the amphibolites and metasediments, have single-age titanites from 16.8 to 15.5 Ma. We interpret the tightly clustered amphibolite dates to record retrograde metamorphism from~18.5 to 15.5 Ma, closely followed by dike emplacement at~16.8-15.5 Ma. Amphibolite ages that predate 18.5-15.5 Ma are interpreted to record inheritance from initial titanite crystallization or protracted (re)crystallization during metamorphism.
Titanites from these domes have either homogeneous Zr contents or Zr-rich cores and Zr-poor rims. The cores range from~200 to 500 ppm Zr and are interpreted to be inherited. The homogenous titanites and rims havẽ 75-175 ppm Zr (blue data; Figure 7a ) and are interpreted to reflect amphibolite-facies retrogression. Despite these petrogenetic differences, the Zr contents correspond to apparent temperatures that overlap within uncertainty: the weighted mean apparent temperature at 4 ± 2 kbar of all samples is 694 ± 45°C (Figure 7b ; Figure 5 . Interpretation of ages in high-resolution spot dating. If a sample age results from mineral closure to thermally mediated volume diffusion, the grain age should covary with grain size and spot position from core to rim. These hypothetical relationships can be tested by in situ petrochronology by the placement of laser spots that are much smaller than the grain diameter and by analyzing a range of grain sizes.
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Shakhdara-Alichur Petrochronology
Thirty-one samples from across the Shakhdara dome were analyzed (Figures 3 and 6c) , 26 metamorphic rocks and 5 igneous rocks (for some of which multiple dates are reported). The titanites record (1) precollision igneous intrusion (9916H1 and 6823A2), (2) prograde metamorphism from~34 to 25 Ma (6821C1 and 6824 F), (3) nearly continuous retrograde titanite growth (from rutile and ilmenite) from~25 to 9 Ma, the majority of which are younger than~22 Ma, and (4) aplite and pegmatite dike emplacement from~15 to 7 Ma (6820A, 6823A2, 6823C1, 6826B1, and 6822A3). In general, the youngest titanite dates from each sample young toward the South Pamir shear zone (SPSZ; Figure 8a ). The dates come from four different structural domains identified by Stübner et al. [2013a] (Figure 1b) : the northern bounding Gunt shear zone (GSZ), the southern bounding SPSZ, Panj Gorge dome transect (PGT) that cuts N-S through the western portion of the dome, and central Shakhdara dome. The youngest titanite dates (i.e., a single age or the lower bound of an age range) from the PGT correlate with elevation ( Figure 8b ). Age-elevation trends (proxy for exhumation rate) do not include all the data but rather were calculated from the "leading edge" of the ages. The youngest SPSZ titanites range from~17-7 Ma and [Hayden et al., 2008] are similar in the Pamir domes and indicate (re)crystallization at amphibolite-facies conditions. (a) Kernel density estimates [Vermeesch, 2012] Ar dates [Stübner et al., 2013b] and have a similar slope of~0.25 ± 0.05 mm/yr (Figure 8c ). Samples from the PGT range from~15 to 8 Ma and span~2250 m (~1.1 ± 0.3 mm/yr). Along the PGT, the titanite dates are older than the 40 Ar/ 39 Ar ages by~3-4 Myr, and the exhumation rate (1.1 ± 0.3 mm/yr) is faster than the thermochronology-determined exhumation rate of 0.4 ± 0.2 mm/yr. Nearly synchronous retrograde metamorphism in the crustal column could produce a very steep elevation-age profile and thus a rapid apparent exhumation rate. This phenomenon could explain the discrepancy between the (1) the titanite and thermochronology data along the PGT and (2) the difference in apparent exhumation rates along the PGT and the SPSZ.
Although the age-distance and age-depth patterns mirror the thermal structure of the dome [Stübner et al., 2013b] , the ages are interpreted to represent (re)crystallization rather than diffusion-controlled mineral closure. The dates represent the timing of retrograde metamorphism related to exhumation that progressed structurally downward and to the south. Titanite records prolonged high-temperature retrograde metamorphism during the tectonic unroofing accomplished by~NNE-SSW extension from~15 to 7 Ma. The titanite dates only slightly predate the 40 Ar-39 Ar cooling ages but reflect a different process.
Coupled with Zr thermometry, the age-elevation trends provide a record of the thermal state of Shakhdara dome during the initiation of exhumation.
Titanites from the Shakhdara dome contain~10-475 ppm Zr (Figure 7a ). Both high-Zr cores/low-Zr rims and low-Zr core/high-Zr rims are present in single-age samples and in samples with an age range. In general, samples with U-Pb ages between~20 and 13 Ma have~60-150 ppm Zr, whereas samples younger thañ 12 Ma have~140-250 ppm Zr. The weighted mean apparent temperature of the~20-13 Ma population is 671 ± 43°C (MSWD = 0.6), and the <12 Ma population is 703 ± 45°C (MSWD = 0.3). Again, if peak pressures were instead used for the calculation, the resulting apparent temperature would be~30-40°C higher but still within uncertainty. These apparent temperatures record heating and/or decompression after~12 Ma.
Coupled U-Pb and trace element analysis of samples 997B3 and 6822V1 (Figures 9 and 10) shows intrasample chemical variations that correlate with age. Maps of representative clusters of analyses from sample 997B3 (Figure 10a ) and sample 6822V1 (Figure 10b) show the spatial relationship of the trace element-age variability. Though sample-wide analyses of sample 997B3 vary continuously from~27 Ma domains with high Zr, Y, and Sr content to~7 Ma domains with low Zr, Y, and Sr (Figure 9 ), the maps show that the end-member domains with similar age range are often adjacent to one another. As a whole, the variation is continuous but nonlinear. The data were compared to a mixing model (Figure 9 ) to evaluate whether the trends resulted from mechanical mixing during laser ablation. Though some individual data fall on the mixing curve, the mixing model fails to predict the trace element trajectory for Y and Zr and only fits a portion of the Sr data, suggesting that the elemental variation is the result of continuous reaction or recrystallization and not mechanical mixing. The grain maps of sample 997B3 in Figure 10a are consistent with the concordia plots (Figures 9a and 9b ) and show that (1) most older analyses are within the grain cores, but some are near grain rims, and (2) the smallest grains are not the youngest. These observations Ar mica ages [Stübner et al., 2013b] . The plotted titanite data are either single ages or the youngest of multiple ages or age ranges from the relevant samples. Similarly, sample 6822V1 (Figures 9c, 9d , and 10b) yielded continuous U-Pb dates from~13 to 5 Ma that decrease from~200 to 100 ppm Zr; unlike 997B3, the Sr content decreases from~4 to 2 ppm then increases back to 5 ppm. This pattern in sample 6822V1 could not have been formed by either mechanical mixing or volume diffusion and is interpreted as prolonged titanite (re)crystallization. The grain maps of an aggregate of titanites from sample 6822V1 (Figure 10b) shows similar relationships to 997B3 between grain size, proximity to grain boundary, and resetting, and are also interpreted to record partial or continuous recrystallization from~13 to 5 Ma. 5. Discussion
Titanite Closure
Evaluating the role of volume diffusion is an essential aspect of understanding the processes that control the retention and distribution of Pb and Zr in titanite and thus interpreting U-Pb ages and Zr apparent temperatures. Experiments have shown that volume diffusion of Pb [Cherniak, 1993 [Cherniak, , 2010 is roughly 2 orders of magnitude faster than Zr [Cherniak, 2006; Hayden et al., 2008] . Both experimental and natural data sets indicate that volume diffusion of Pb and Zr should occur at amphibolite-facies conditions [e.g., Scott and St-Onge, 1995; Corfu, 1996; Cherniak, 2006] . Titanite-bearing metamorphic rocks from the Pamir recorded temperatures of~700°C for~10-20 Myr (Figure 7c ). Heating of that magnitude and duration should have caused complete diffusive Pb loss from~1000 μm grains, and larger grains should show Pb zoning at thẽ 50 μm scale. In contrast to this expectation, titanite from the Pamir retained both Pb and Zr over a prolonged period from >30 Ma to~7 Ma (e.g., samples 0822I, 96AK3, and 6824F).
Nearly all the samples analyzed in this study contain roughly an order of magnitude variation in titanite grain size (Figures 2f, 10a and 10b ;~25-400 μm diameter). Many of the samples with a range of titanite grain size yielded single ages within the spatial resolution of the laser spots (25-40 μm). For the observed range of grain sizes (~50-500 μm), a cooling rate >200°C/Myr is required [Cherniak, 1993] to produce a single age by volume diffusion-controlled mineral closure. This hypothetical cooling rate is faster than the~50-75°C/Myr thermochronology-determined cooling rates from the Pamir [Stübner et al., 2013b] . The patterns of age and chemical variation and the inconsistency between the observed and required cooling rates suggest that U-Pb and Zr were reset by the crystallization of new grains or the recrystallization of existing grains rather than by closure to thermally controlled volume diffusion. These findings highlight the importance of (1) analyzing grains of different sizes, (2) in situ analysis, and the (3) ability to rapidly produce data to populate an isochon by LA(SS)-ICP-MS for distinguishing closure from (re)crystallization. These results support a higher temperature for Pb and Zr closure in titanite [Schärer et al., 1994; Zhang and Schärer, 1996; Gao et al., 2012; Spencer et al., 2013] rather than the~650°C closure temperature predicted by laboratory experiments [Cherniak, 1993 [Cherniak, , 2006 .
Pamir Plate Tectonic Events
Following the initial breakoff of the oceanic part of the Indian slab subducting beneath Asia at~45 Ma (Figure 11a ) [Kohn and Parkinson, 2002; Negredo et al., 2007] , subduction of a buoyant Indian plate is inferred to have forced the Asian plate into contraction [Chung et al., 2003; Replumaz et al., 2010; DeCelles et al., 2011] . Then, beginning at 32-25 Ma, the lower crust and mantle of the Indian plate is interpreted to have rolled back southward [Chung et al., 2005; Ding et al., 2005; Kapp et al., 2007] . This is thought to have culminated at~25-20 Ma in a second breakoff of the underthrust Indian continental slab [Replumaz et al., 2010; DeCelles et al., 2011] .
In the Pamir, shortening across the Main Pamir Thrust zone and large-scale dextral strike-slip along its eastern margin commenced at 25-18 Ma [Sobel and Dumitru, 1997; Coutand et al., 2002; Cowgill, 2010] or~10-6 Ma [Bershaw et al., 2012; Cao et al., 2013] . As rollback of the Asian lithosphere beneath the Pamir is likely partly accommodated by thrusting along the Main Pamir Thrust [Sippl et al., 2013b; Sobel et al., 2013] , the rollback probably started not earlier than 25-18 Myr ago.
Lu-Hf garnet and U/Th-Pb monazite ages document prolonged metamorphism from~37 to 20 Ma in the Shakhdara dome and~35-14 Ma in the Yazgulem, Sarez, and Muskol-Shatput domes (Figures 11b and 12 ; Schmidt et al. Ar ages from the same locality within the Shakhdara dome overlap; rather, the titanite record prolonged and later peak (re)crystallization at temperatures ≥650°C until 7 Ma (Figures 11b and 12 ).
The timing of Shakhdara high-temperature exhumation is similar to the exhumation interval of the Muztaghata (~11-8 Ma) and Kongur Shan (~7 Ma to present) [Robinson et al., 2007] domes and the eruption ages of the Taxkorgan-Dunkeldik subvolcanic and volcanic rocks (Figure 11c ). Th-Pb monazite ages and 40 Ar/ 39 Ar mica ages from the footwall of the Kongur Shan extensional system record metamorphism from~30 to 20 Ma followed by migmatization at~14 Ma and exhumation from~11 to 8 Ma. Th-Pb ages from monazites within garnet have a different distribution (~25 Ma mode) than monazites in the rock matrix, which are predominantly younger than~18 Ma.
The Taxkorgan alkalic complex [Luo et al., 2003; Ke et al., 2008] and Dunkeldik volcanic field [Ducea et al., 2003; Gordon et al., 2012] have eruptive ages between~13 and 8 Ma with the mode at~11 Ma (Figure 11c ). The common ages of these volcanic complexes and of the rapid exhumation of the Shakhdara and Muztaghata-Kongur Shan domes suggest that the volcanism and extension were triggered by the same event. Jiang et al. [2012] suggested that the Taxkorgan and the Dunkeldik suite magmas both resulted from decompression melting and asthenosphere upwelling following a slab breakoff consistent with the exhumation history of the Pamir crustal xenoliths [Hacker et al., 2005; Gordon et al., 2012] .
Combining these inferences with seismic imaging [Mechie et al., 2012; Schneider et al., 2013; Sippl et al., 2013b] leads to the following proposed tectonic evolution. Long-lived northward subduction of Tethyan oceanic lithosphere concluded with the collision and subduction of Indian continental lithosphere. Breakoff of the Tethyan oceanic lithosphere from the Indian continent occurred at~45 Ma (Figure 13 ). Subsequent (Figure 13 ). Indian continental lithosphere breakoff, perhaps accompanied by downwelling and convective removal of a dense Asian lithospheric root, resulted in a regional increase of GPE in the Pamir and likely the Hindu Kush and Karakoram further south. Both downwelling and increased GPE may have triggered delamination and rollback of the Asian continental lithosphere (Pamir slab), which drove the Pamir crust from contraction into extension~20 Ma ago. These changes in boundary forces led to rapid cooling of the middle to deep crust at~20-16 Ma, best documented in the Yazgulem, Sarez, and Muskol-Shatput domes ( Figure 13 ). Following breakoff and delamination, input of asthenospheric heat into the Pamir lithosphere caused magmatism and prolonged high-grade metamorphism and migmatization best observed in the Shakhdara dome, Taxkorgan complex, Dunkeldik volcanic field, and likely the Hindu Kush and Karakoram [Mahéo et al., 2002] . The resulting thermal weakening of the Pamir crust and further delamination of the Asian lithosphere, which by then was telescoped northward by the indenting Indian lithospheric mantle [Mechie et al., 2012; Sippl et al., 2013b] , continued to drive collapse of the Pamir Plateau via crustal extension in the Shakhdara [Stübner et al., 2013a] and the Muztaghata and Kongur Shan domes [Robinson et al., 2004 [Robinson et al., , 2007 and the Sarez-Karakul transtensional graben system [Schurr et al., 2014] into the lowland of the Tajik Basin ( Figure 13 ) [Stübner et al., 2013a] . There has been~90 km of extension accommodated within the middle to deep crust of the Shakhdara dome, which initiated and was active from~15 to 7 Ma (this study). Low-temperature thermochronometers from Shakhdara also record extension-related exhumation from~4 to 2 Ma (Figure 11b ) [Stübner et al., 2013b] . At the northeast margin of the plateau, a maximum of 35 km of extension began in the Muztaghata dome from 11 to 8 Ma and remains active in the Kongur Shan dome (~7 Ma to present) [Robinson et al., 2007] . Active, north-northeast trending, sinistral-transtensional fault systems-dissecting the Pamir's interior and concentrated along the Sarez-Karakul transtensional graben system and in the western Pamir-trace active collapse [Schurr et al., 2014] . 
Conclusions
Titanite petrochronology, specifically U-Pb ages and Zr-in-titanite thermometry from igneous intrusions and prograde and retrograde metamorphic titanite, documents the transition from crustal thickening to extensional exhumation in the Pamir domes. The early stages of exhumation began synchronously around 20 Ma but ended asynchronously. The Yazgulem, Sarez, and Muskol-Shatput domes cooled rapidly below 650°C by~16 Ma, whereas the Shakhdara dome remained above 650°C until~10 Ma. The initiation of exhumation across the Pamir may have been driven by breakoff of the India lithosphere at 25-20 Ma. Rollback of the Pamir slab and/or lithospheric convective instability drove the more prolonged retrograde metamorphism in Shakhdara until~7 Ma (U-Pb titanite, this study) and 6-2 Ma (Ar-Ar and fission track) [Stübner et al., 2013b] . In addition to the regional tectonic findings, the retention of Pb and Zr in titanite for up to 25 Myr at temperatures above~650°C requires that usually reported closure temperature of titanite (600-700°C) be reevaluated.
